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KEY POINT:
• Src signals are required for specific receptor and cytokine activation-induced rapid reorientation of lytic granules to the MTOC in NK cells
ABSTRACT:
Natural killer (NK) cells participate in host defense by surveying for and ultimately killing virally infected or malignant target cells. NK cell cytotoxicity is a tightly regulated process that proceeds stepwise from adhesion and activation to the secretion of preformed lytic granule contents onto a diseased or stressed cell. We have previously characterized rapid dynein-dependent lytic granule convergence to the microtubuleorganizing center (MTOC) as an early, prerequisite step in NK cell cytotoxicity. While multiple activating receptors can trigger granule convergence, the specific signal or signals responsible remained unknown. Using live cell confocal microscopy, NK cell lytic granule movement following NK cell activation was captured and measured. Using inhibitors of common early signaling mediators, we show that Src kinases are required for lytic granule convergence but downstream signals that promote actin rearrangement, MTOC polarization and calcium mobilization are not. Exposure to interleukin 2 (IL-2) was also sufficient to induce lytic granule convergence, which required non-canonical Srcdependent signaling. Thus, NK cell lytic granule convergence, prompted by specific receptor-mediated and soluble cytokine signals, depends upon a directly downstream early Src kinase-dependent signal and emphasizes the importance of this step in readying NK cells for cytotoxicity.
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INTRODUCTION:
Natural killer (NK) cells are important in anti-cancer and anti-viral response.
1 NK cell killing occurs in a precise, step-wise fashion culminating in secretion of the contents of lysosome-related organelles, known as lytic granules, onto a stressed or infected target cell. 2 NK cell activation occurs through engagement of germline-encoded receptors; immediately thereafter, NK cell F-actin accumulates at the site of contact to support an organized signaling and secretory platform termed the immunological synapse (IS). During synapse formation, lytic granules rapidly converge to a randomly located microtubule organizing center (MTOC) within minutes of target cell contact or activating receptor ligation. 3 The lytic granules utilize dynein-dependent transport to reach the MTOC, but the process is independent of actin reorganization and microtubule dynamics. 3 After convergence, the MTOC and associated lytic granules polarize to the IS, where granules pass through the actin network to fuse with the NK cell membrane, and secrete their contents. 4 Each of these intercellular events along the path to directed secretion is tightly regulated allowing NK cells to precisely target their deadly effects to virally infected, stressed or tumorigenic cells.
If a target cell is diseased, activating receptor engagement predominates the NK-target cell interaction, which triggers downstream signaling pathways. [5] [6] [7] [8] Activation of integrin leukocyte function-associated antigen-1 (LFA-1, composed of CD11a/CD18) leads to Vav1 activation, 9 which in turn recruits F-actin to the IS. 10, 11 Similarly, phosphoinositide 3-kinase (PI3K) is activated thus promoting MEK/Erk signaling and MTOC polarization. 7, 8 Activation of phospholipase C-γ (PLCγ) by ligated immunoreceptors stabilizes synapse formation and triggers intracellular release of calcium stores. 12, 13 If the target cell is healthy, however, inhibitory receptor engagement predominates the IS. Here, Killer cell immunologlobulin-like receptors (KIRs) recognize
For personal use only. on August 31, 2017. by guest www.bloodjournal.org From MHC-I and recruit Src homology domain containing-phosphatase 1 (SHP-1), which dephosphorylates key downstream proteins (including Vav1) to deactivate activation pathways and halt cytotoxic responses. [14] [15] [16] NK cells are also influenced by cytokines. IL-2 enhances NK cytotoxicity by promoting maturation, increasing activating receptor expression and increasing cytokine production. 17, 18 Canonical IL-2 signaling requires specific Janus activated kinases (JAKs) and signal transducers and activators of transcription (STATs). IL-2 receptor signaling, however, also can proceed via a non-canonical pathway which links the Src homology-2 domain-containing transforming protein C (SHC) with mitogen activated protein kinase (MAPK). 19, 20 Src family kinase phosphorylation is common to NK cell signaling downstream of many activation receptors. 
MATERIALS AND METHODS:
Cell lines and ex vivo NK cells
The NK cell line YTS was retrovirally transduced to stably express GFP-α-tubulin or GFP-KIR2DL1. 25 721.221 and K562 cells were used as susceptible target cells for YTS and ex vivo NK (eNK) cells, respectively. 25 eNK cells were prepared from peripheral blood from healthy and LAD-1 donors using human NK cell isolation kits (Miltenyi Biotec) or RosetteSep NK (StemCell Technologies, Inc.). Cr51 cytotoxicity assays, flow cytometry and flow cytometric conjugation assays were performed as described.
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Live cell confocal microscopy GFP-tubulin-expressing YTS were incubated with 5μM LysoTracker Red DND-99 (Molecular Probes) for 30min at 37°C, washed and added to 721.221 cells that had been adhered to ΔT dishes (Bioptechs) pre-coated with antibodies against CD48 (BD). 3 Conjugates were imaged in z-axis planes containing the MTOC using a Zeiss Z1 microscope with Yokogawa CSU10 spinning disc, 63x 1.43NA objective and solid-state 488nm and 561nm lasers. In experiments without target cells, LysoTracker-loaded NK cells were added to ΔT dishes pre-coated with antibodies against CD28 (BD) or CD11a
(ATCC) and imaged every 10sec, in IL-2 experiments ΔT dishes were uncoated and IL-2 (Roche) added 2-4min after imaging began. Temperature was maintained at 37°C using ΔT dish and objective environmental control units (Bioptechs).
Fixed cell microscopy
Activation, fixation, permeabilization, and staining were performed as described 25 with the following reagents used sequentially: 1) biotinylated monoclonal mouse-anti-tubulin 
Inhibitors and Cytokines
YTS cells were pre-incubated with 25μM PP2, 20μM LY294002, 100nM Wortmannin, 100μM PD98059, 4μM U73122 (all from Sigma), 1μM ZM449829, or 20μM AZM475271 (Tocris Bioscience) for 30min, washed and imaging was performed in the presence of inhibitors. IL-2 (Roche) was added at a concentration of 125U/mL to YTS cells or 1000U/mL to eNK cells, only after the time indicated. 100ng/mL IL-10 (Serotec) was added to YTS cells at time zero. Western blot analysis for pSrc and Myosin II A was performed as described 26 using polyclonal antibody directed against phospho Src Y416
(Cell Signaling).
Image analysis
Images were analyzed using Volocity software (Perkin Elmer) and measured for fluorescence corresponding to the MTOC (GFP maximal intensity) or lytic granules (LysoTracker Red maximal intensity). Regions of positivity were selected based on 2-5SD above mean intensity. In time-lapse experiments, ≥ 1 image/min was utilized for quantitative analysis. Lytic granule convergence to the MTOC or to the centroid of all granules was measured as described. 3 Presentation images were contrast enhanced uniformly.
Statistical analysis
Minimum number of cells evaluated was determined using sample size calculations based upon preliminary data (α/β-error levels of 1%). Differences over time between inhibitor-treated and control-treated, or between resting and IL-2-treated NK cells were evaluated using unpaired Mann-Whitney U tests. Individual means were compared using Student's t test. Differences were considered significant when p≤0.05. Lytic granule convergence to the MTOC is rapid and independent of many checkpoints in the process of IS maturation. In our previous studies, we noted that blocking LFA-1 with anti-CD11a antibody interrupted granule convergence.
3 LFA-1 is required for optimal NK cell adhesion 27 and, like granule convergence, certain signals downstream of LFA-1 are independent of F-actin reorganization. 10 To confirm and extend the role of LFA-1, we examined granule convergence in leukocyte adhesion deficiency-1 (LAD-1) patients who lack the CD18 subunit of LFA-1. 28 Ex vivo NK (eNK)
cells from control and LAD-1 donors were incubated with K562 target cells, fixed and then stained for lytic granules, the MTOC and F-actin. LAD-1 eNK cells conjugated with target cells were detected. In fixed cell conjugates, lytic granules in control eNK cells converged to the MTOC. In contrast, LAD-1 eNK cell lytic granules failed to converge to the MTOC after target cell conjugation ( Figure 1A , B). LAD-1 eNK cells had a profound defect in NK cell mediated cytotoxic function ( Figure 1C ), similar to that previously reported for LAD-1 PBMC. 27 CD11a expression on LAD-1 patient cells was greatly reduced, presumably due to loss of CD18 and resulting instability ( Figure 1D ). 28 Despite an absence of LFA-1 expression on the cell surface, LAD-1 patient eNK formed conjugates with susceptible targets. These were delayed in formation, but approached normal levels after 60min in FACS-based conjugation assays ( Figure 1E ). These data confirm that signaling through the LFA-1 complex is necessary for lytic granule convergence in NK cells and suggest an additional NK cell impairment other than target cell conjugation in these rare patients.
Src kinase activity is required for human NK cell lytic granule convergence
In addition to LFA-1, activating receptors like CD28 but not non-specific, nonactivating receptors like CD45, can promote convergence. 3 We hypothesize that most 
Lytic granule convergence, but not NK cell cytotoxicity, occurs independently of PI3K, MEK, and PLCγ
Downstream of triggering receptor engagement, PI3K, MEK, and PLCγ are all relatively early signaling mediators required for Erk activation and MTOC and granule polarization, 5, 7, 8 or maintenance of surface receptor levels and degranulation. 29 We therefore questioned whether these signaling mediators are required for initiating transport of lytic granules to the MTOC before polarization occurs. Using LY294002 or Compared to DMSO-treated control cells, no significant impact on convergence of inhibitors was identified irrespective of the triggering receptor engaged ( Figure 4E,F) . At the end of the assay, average granule distance from the MTOC after inhibitor-treatment (other than PP2) was 2-2.5μm, and was not significantly different from controls. As an additional negative control, PD98059 was used to treat eNK cells prior to activation and similarly did not interfere with granule convergence (Figure 3A,C) . Thus, we conclude that lytic granule convergence is independent of PI3K, MEK, and PLCγ signaling, (even though they are required for MTOC polarization and/or cytotoxicity) since they are all presumably downstream or independent of the required Src signal.
Lytic granule convergence occurs in NK cells forming an inhibitory synapse
When encountering a healthy cell NK cell KIRs recognize MHC-I to restrain killing via recruitment of SHP-1, which can dephosphorylate Vav1 to interrupt actin reorganization 16 . This prevents maturation of the IS and, ultimately, degranulation.
To study the effect of inhibitory synapse formation on granule convergence, we performed live cell confocal microscopy using YTS cells stably expressing KIR2DL1- Figure 7D ). Furthermore the kinetics of lytic granule convergence in inhibitor-treated cells tracked over time was also statistically indistinguishable from control ( Figure 7D ). Thus, canonical IL-2 signaling does not appear to be necessary for lytic granule convergence in IL-2-stimulated NK cells.
For
Since Src kinases can also function in IL-2 receptor signaling, 24 For
DISCUSSION:
Lytic granule convergence is a rapid, early event in NK cell cytotoxicity. While not all receptors trigger convergence, adhesion receptor engagement is sufficient. 3 We extend this finding using NK cells from patients with naturally occurring human deficiency of β2 integrin LAD-1 in which the distance of lytic granules from the MTOC was abnormal. LAD-1 patients lack LFA-1 integrin expression, resulting in reduced adherence to infected cells. 28 Despite the engagement of target cells by LAD-1 NK cells, however, the convergence of lytic granules to the MTOC was reduced and NK cell cytotoxic function was undetectable. Thus, LFA-1 is required for target cell-induced NK cell lytic granule convergence. Defective NK cell cytotoxicity in these rare patients was described many years ago, but the mechanism was always thought to be a lack of adherence to target cells. While this is still likely to represent a major defect in LAD-1 NK cells, the role of defective lytic granule convergence is potentially important and warrants further consideration.
Immediately following NK cell receptor engagement, key tyrosines are phosphorylated by Src kinases, 9 which recruit SH2-domain-containing signaling molecules that facilitate downstream signaling and eventual effector function. 36 Our experiments show that inhibiting Src kinase function blocks lytic granule convergence.
More work is necessary, however, to determine which specific Src family kinase enables lytic granule convergence. More than one may be involved, as they can serve redundant functions and many have been implicated in the phosphorylation of NK cell activating and inhibitory receptors. 21, 22 Lytic granule convergence depends upon receptor activation but not F-actin function or microtubule dynamics. 3 Given the signals that follow actin organization at the IS in NK cells, this presents a limited range that are upstream and could be required for granule convergence. We therefore dissected signaling pathways downstream of Our findings document for the first time the key signaling requirements for lytic granule convergence to the MTOC. They suggest specific and early signaling that drives microtubule-directed, dynein-dependent lytic granule traffic. While lytic granule convergence is rapid, it likely represents one of the very first steps an NK cell takes to prepare and potentially prime for a cytotoxic event to enable the focused directed secretion of lytic granule contents.
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